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a b s t r a c t

Numerous studies have provided evidence that physical activity promotes cortical plasticity in the adult
brain and in turn facilitates learning. However, until now, the effect of simultaneous physical activity
(e.g. bicycling) on learning performance has not been investigated systematically. The current study
aims at clarifying whether simultaneous motor activity influences verbal learning compared to learning
in a physically passive situation. Therefore the learning behavior of 12 healthy subjects (4 male, 19–33
years) was monitored over a period of 3 weeks. During that time, behavioral and electrophysiological
responses to memorized materials were measured. We found a larger N400 effect and better performance
in vocabulary tests when subjects were physically active during the encoding phase. Thus, our data
indicate that simultaneous physical activity during vocabulary learning facilitates memorization of new
items.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Marcus Tullius Cicero (106 B.C.–43 B.C.) used to say that it is exer-
cise alone that supports the spirits, and keeps the mind in vigor. Most
likely he would not have suspected that his statement is still rele-
vant more than 2000 years later. In fact, the influence of exercise
not only on physical health but also on cognition is a topic that
has re-entered the limelight in the last 10 years. The application of
new neuropsychological methods enables to track neuroplasticity
changes as a function of exercise. As a consequence, several animal
studies have shown a strong influence of physical activity on synap-
tic plasticity and in particular on the genesis of new neurons in the
adult mammalian brain [30,31,14,15,9,29,2]. In addition, there is
cumulating evidence on a biochemical level that physical exercise
leads to an increased release of several neurotrophic factors [20,9,2]
which in turn should mediate the effects of exercise and cognition.

Recently, several studies have confirmed the close relationship
between physical activity and cognitive abilities not only in ani-
mals but also in humans (e.g. [4,3,11]). Thus, regular exercise has
been shown to prevent cognitive decline in elderly [4,11] which
results in improved performance in reasoning tasks, working mem-
ory tasks, reaction time, or vocabulary measurements in physically
active elderly compared to same age non-active participants [34].
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However, studies on the relationship of exercise and cognition
in elderly vary in duration, type of physical activity, and inten-
sity. Nonetheless, they all indicate that physical activity positively
influences cognition [11,16] as shown in functional magnetic res-
onance imaging (MRI) and event-related potentials (ERP) studies.
For instance, Hillman et al. [13,12] showed that the amplitude of
the P3b is increased in physically active compared to non-active
participants indicating efficient allocation of attentional resources
and faster cognitive processing during stimulus encoding in the for-
mer group [11]. On the other hand, MRI studies provide evidence
for increase in prefrontal and temporal gray matter volume [4].
However, not only the aging, but also the young brain profits from
physical activity. Hence, several studies provide evidence for a pos-
itive correlation of exercise, learning, and intelligence in children
as well as young adults [24,19,12,27].

In sum, all the previous results point in the same direction: Phys-
ical activity pushes brain activity, which in turn makes it an ideal
candidate to improve learning. However, studies investigating the
effect of different learning situations (physically active vs passive)
systematically are rather rare. One of them has been published
recently by Winter et al. [33]. The authors investigated whether
physical activity prior to vocabulary learning accelerates the learn-
ing process in young athletic men. They demonstrated that short
but intensive training prior to a learning session results in the best
learning outcome. Hence, the study of Winter et al. convincingly
probed the effect of a single physical intervention on verbal learn-
ing. In the current experiment we aim to extend the results of
Winter et al. by (i) verifying whether the described effect is specific

0304-3940/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2010.06.089

dx.doi.org/10.1016/j.neulet.2010.06.089
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:schmidt-kassow@med.uni-frankfurt.de
mailto:schmidt.kassow@yahoo.de
dx.doi.org/10.1016/j.neulet.2010.06.089


M. Schmidt-Kassow et al. / Neuroscience Letters 482 (2010) 40–44 41

to athletic men, by (ii) looking at the long-term effect of regular
physical activity (in contrast to a single bout), by (iii) investigat-
ing whether physical activity during learning does also accelerate
the learning process, and by (iv) conducting a cross-language N400
priming experiment prior to and after the training to track for
changes in brain plasticity.

We address these aims for the following reasons: firstly, the
beneficial effect of the physical intervention as reported by Win-
ter et al. may be specific to young athletic men as they may be
particularly motivated to pass the physical intervention. In turn,
motivation and not exercise may be the primary factor that medi-
ates the learning outcome. Less athletic participants, however,
should be less motivated to pass a physical training. To test the
effect of exercise and not of motivation (which has also been
shown to be a modulating factor in learning [28]) we decided that
subjects should not be particularly interested in physical activity
but should not be obese. Secondly, we aimed to investigate the
long-term effect of regular physical activity and tracked partici-
pants’ learning curve over 3 weeks. Referring to the first research
question our assumptions were twofold: If the positive effect of
physical activity as described by Winter and colleagues is sim-
ply a matter of motivation due to the new environment (physical
activity prior to learning), this effect should diminish after a few
training sessions. If the benefit of physical activity is due to medi-
ating physiological factors, as e.g. increased regional blood flow
[8] or higher levels of learning mediating hormones (e.g. [32]),
the beneficial effect of learning should be stable during the 3
weeks.

Thirdly, we were interested in the effect of simultaneous physi-
cal activity on learning. As aforementioned, motor activity results in
acute secretion of learning mediating hormones, and hence simul-
taneous learning may be maximally efficient. On the one hand,
it is conceivable that simultaneous movement and learning may
interfere with the encoding of new vocabulary.

Lastly, we were interested in the neural substrates underlying
different training effects. Thus, we conducted an N400 priming
experiment prior and after the whole learning period. Beyond
behavioral performance (vocabulary tests), ERPs permit to track
cognitive processes as they unfold in time and thus they iden-
tify mechanisms underlying the beneficial effects of simultaneous
physical activity on vocabulary learning.

These four issues are addressed in the current experiment that
combines electrophysiological and behavioral measurements as a
function of the learning outcome.

In the current experiment we tested 12 participants (8 female)
with a mixed factorial design and asked them to learn French
vocabulary. Participants were selected thoroughly to control for
confounding factors. Hence, all participants were native German
speakers and students at the University of Leipzig. Exclusion criteria
were left-handedness, practicing of any endurance sport including
regular walks as well as any neurological or psychiatric impairment.
We controlled very carefully for participants’ previous knowledge
of French. In doing so, we consequently excluded all participants
that had previously learned French at school or in private lessons.
Further exclusion criteria were extensive journeys to France (more
than 2 weeks).

Subjects were pseudo-randomly assigned to one of two groups, a
Spinning group (simultaneous bicycling and learning), and a Passive
group (no physical intervention). The respective group conditions
will be explained in more detail in the following. Participants in
both groups were paralleled according to age (mean Spinning: 25.2
years; mean Passive: 25.1 years), gender (i.e., 2 male and 4 female
participants in each group), and working memory capacity, i.e., all
participants were low-span readers according to the Reading Span
Test (equal or lower than 3.0). The Reading Span Test was orig-
inally developed by Daneman and Carpenter [6]. For the current

experiment we used a German adaptation of the Reading Span Test
[26].

At the beginning of the study, all of the participants were
instructed to avoid changes in their physical activity level for the
duration of the experiment (3 weeks).

Within the 3 weeks, participants were asked to learn 80 French
words (40 nouns and 40 verbs). Participants underwent 3 indi-
vidual trainings sessions per week resulting in 9 learning sessions
in total. Each learning session lasted 30 min during which partici-
pants listened to the 80 words twice. Thus, all 80 vocabulary pairs
were presented in French–German order before they were pre-
sented again in German–French order. Within the French–German
and the German–French block the order of vocabulary pairs was
randomized for each learning session. Within the 3 weeks of train-
ing participants listened each item 18 times in total. Stimuli were
presented auditorily via headphones (Sennheiser HD 202). The
loudness level was adjusted to the individual preference and kept
constant across all learning sessions. Both French and German
items were spoken by a female German native speaker, who was
a non-professional speaker but had a phonetic–linguistic back-
ground. All stimuli were normalized to an intensity level of 75 dB
using the software PRAAT. The stimulus onset asynchrony (SOA)
of French–German vocabulary pairs amounted to 2 s. The SOA
between successive vocabulary pairs was 6 s. Thus, the onset of the
next item was maximally predictable. We excluded action verbs
to ensure that better performance of the cycling group was not
semantically induced [22].

In the Spinning group participants were instructed to cycle in
synchrony to vocabulary presentation. This was possible when sub-
jects cycled at a speed of 60 rounds per minute (RPM), a pace that is
usually recommended to beginners in fitness centres. To acquaint
participants with this tempo, 42 sinusoidal tones with a frequency
of 0.5 Hz were presented before the actual vocabulary presentation
was started. In the Spinning group we controlled for the partici-
pants’ heart rate (mean: 103.5, SD: 20.9) and blood pressure (mean:
130/78; SD: 13.4/11.3) three times in each training session. Partic-
ipants were instructed to exercise at a medium exertion level, i.e.,
they should breathe a little faster and feel a little warmer.

In the Passive group participants listened to the same acoustic
stimuli (sinusoidal tones followed by the vocabulary list). Instead of
being physically active, subjects were sitting at a table and passively
listening to the to-be-memorized words, imitating a traditional
classroom situation. The environment was kept constant across
group conditions, i.e., the room of the Spinning and the Passive group
was equipped identically except for the bicycle in the room of the
Spinning group.

After every third learning session participants performed a
vocabulary test to assess their learning progress. Here, all par-
ticipants (Spinning and Passive group) were sitting at a table and
listened to all of the French items while they were asked to write
down the German translation. Response time was limited to 8 s.
Participants performed three vocabulary tests in total.

Next to behavioral measurements, we recorded the electrophys-
iological response to new items before and after the learning period
to track for changes in brain plasticity. We conducted a cross-
language N400 priming ERP (event-related potentials) experiment
[1] prior to and after the 3-week training to obtain a sensitive mea-
surement to track learning differences between groups that may
not be detected by behavioral measures alone. Here, participants
were tested in a dimly illuminated sound-attenuating booth, were
seated in a comfortable reclining chair, and were instructed to move
and blink as little as possible. They listened to French–German and
German–French word–word and word–pseudoword pairs and per-
formed a lexical decision task on the second word of each word
pair. In order to permit the lexical decision task we created French
and German pseudowords that corresponded in syllable number
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